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Chemistry interest 
  cis and trans isomerism: 
   most molecules with a conjugated double- bond structure seem 
to prefer the trans conformations (acrolein and derivatives of 
butadiene…).  
  Even the more analogous vinyl isocyanate prefer the trans 
configuration (C. Kirby, H.W. Kroto JMS. 70 (1978) 216.) 
  However, for vinyl azide it has been shown by relative intensity 
measurements of microwave spectra that the cis form is the more 
stable 
  the cis form is the more stable conformer in the gas, but the 
trans form is the stable form in the solid (K.A. Krutules, et al., J. 
Mol. Struct. 293 (1993) 23.) 
  Isocyanate functional group (–NCO) is highly reactive and 
many chemicals containing isocyanate groups were used for 
the synthezises of polyurethanes.  
Astrophysical interest 
  Isocyanic acid, HNCO, was among the very early molecules to 
be detected in space.  
  In Sgr B2(OH) (L. E. Snyder and D. Buhl, 
ApJ, 177 (1972), 619 and D. Buhl et al. ApJ. 177, (1972), 625) 
  In TMC-1 (R. L. Brown, ApJ. 248, (1981), L119) 
  In three translucent clouds (CB 17 CB 24, and CB 228): 
(B. E. Turner, et al. ApJ. 518, 699–732 (1999) 
  OCN- is assumed to be in the grains (K. Demyk et al. A&A, 339 
(1998), 553) 
  CH3COCH3 is detected since 1987 Sgr B2 (F. Combes et al. A&A, 180, 
(1987), L13) 
Astrophysical interest 
•  Possible candidates for ISM detection: C2H3NO 
•  CH3NCO (V3= 21 cm-1) (spectra up to 40 GHz: Koput et al, JMS, 
1155, (1986), 131) 
•  CH3OCN (V3=398 cm-1) (spectra up to 50 GHz: Skaizumi et al, J. 
Mol. Struct, 345, (1995), 189) 
•  CH3CNO (symmetric top, spectra up to 230 GHz: Winnewisser et al. 
JMS, 91, (1982), 255) 
Not detected yet, but the most stable conformers are not 
studied in the millimeterwave domain: running projects in 
Valladolid (Alonso’ s group) 
 
•  More complex: C3H3NO2 
•  CH3CONCO (V3=356 cm-1) 
•  CH3OCOCN (V3=407 cm-1) (spectra up to 40 GHz: Durig et al, J. 
Chem. Phys., 96, (1992), 8062) 
Previous studies 
  MW spectra up to 40 GHz (B.M. Landsberg et al. J.C.S. Faraday, 76, 1208, 1980): 
  Jmax=23 and Ka,max= 3 
  Dipole moment (Stark measurements): µa=0.954D µb=1.48D 
  1st order internal rotation parameters determined 
  MW spectra of CD3C(O)NCO and 13CH3C(O)NCO (Y. Uchida et al. J. Mol. 
Spectrosc. 256, 163, 2009) 
  Ab initio calculations 
  Molecular structure 
V3 in cm-1 ρ	

HCOOCH3 373 0.08 
CH3(ONCO 356 0.06 
Similar case to methyl 
formate, should not be 
too difficult…. 
to internal rotation of the methyl group. Then structural parame-
ters (ra) of cis-acetyl isocyanate were determined by the joint anal-
ysis of gas phase electron diffraction data along with the rotational
constants [5]. Further evidence of cis-acetyl isocyanate was pre-
sented in the vibrational spectroscopic study of gas-phase IR, ma-
trix-isolated IR, and liquid-phase Raman spectra [6]. Krutules et al.
observed the Raman spectra in the gas, liquid and annealed solid
[7]. They found that the cis form is the more stable conformer in
the gas, but the trans form (Fig. 2b) is the stable form in the solid
and they determined the gas-phase enthalpy difference between
two conformers as DH = 433 cm!1 = 5.18 kJ mol!1 [7].
In this paper, we observed the microwave spectra of
13CH3C(O)NCO and CD3C(O)–NCO for the purposes of confirming
the molecular conformation, directly determining the six geomet-
ric parameters of the heavy atom skeleton of the cis form as well as
the barrier of internal rotation of the methyl group. The values ob-
tained were compared with those of the related molecules and
with those calculated at the QCISD/6-31G (d, p) and MP2/6-31G
Fig. 1. Molecular structures of cis-ethyl isocyanate (a), cis-nitrosoethane (b), propane (c), ethane (d), cis-acetyl isocyanate (e), cis-2-nitrosoacetylaldehyde (f), acetone (g),
formaldehyde (h), acetamide (i), formamide (j), cis-chlorocarbonyisocyanate (k), cis-vinylisocyanate (l) The Hi and Ho atoms of the methyl group are described for in-plane
and out-of-plane of Cs symmetry plane, respectively.
Fig. 2. Conformations of acetyl isocyanate and nitrosoethane.
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Etrans = 1049 cm-1                            
= 12.55 kJ mol-1  Ecis = 0  
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Methyl group is C3v symmetry :  
€ 
V(α) = 3V2 (1− cos3α)+
6V
2 (1− cos6α)+ ...
•   Due to tunnel 
e f f e c t ,  t h e 
t r a n s i t i o n s a r e 
splitted into two 
components: A and E 
RAM method 
  The code used in these studies is « RAM36-code » (former V6 
code) from V. Ilyushin (Karkhov-Ukraine). The former name comes 
from the Toluene study (V. Ilyushin et al. J. Mol. Spectrosc 259, 26, 2010) 
  Include terms up to 12th order.  
•  The code works also in V3 mode: 
•  2-butynoic acid (V3 = 1.009 cm-1): V. Ilyushin et al. J. Mol. Spectrosc 267, 
186, 2011 
•  Acetaldehyde (V3 = 407.6 cm-1): I.A. Smirnov, J. Mol. Spectrosc 295, 44, 
2014 
the torsion–rotation spectra of acetaldehyde. Although the data up
to the fourth excited torsional state were obtained [14] we limit
our current work to the lowest three torsional states vt = 0,1,2 of
the molecule, since in our current study we are mainly interested
in the expansion of the rotational quantum number range and fre-
quency range for those torsional states which are of the primary
interest for the astronomical applications.
In the current work we present a new study of the acetaldehyde
spectrum that covers the frequency range from 49 GHz to 1.6 THz
and the range of rotational quantum numbers up to J 6 66 and
Ka 6 22. This presents more than a twofold expansion in the J
quantum number and almost fourfold expansion in the frequency
range coverage for the acetaldehyde rotational spectrum. The
new dataset was analyzed using the RAM approach which was suc-
cessfully applied previously to the analysis of acetaldehyde spec-
trum [6,13,14] and a fit within experimental error has been
obtained. Rather high values of rotational quantum numbers pro-
vide an opportunity to test further the performance of the RAM ap-
proach in the case of highly excited rotational states, the question
which has been addressed by us in one of our recent publications
on acetic acid spectrum [15].
The rest of the paper is organized as follows. Section 2 gives a
brief description of the three different spectrometers in IRA NASU
(Ukraine), PhLAM Lille (France), and JPL (USA) used in our study.
Section 3 provides the details on the dataset treated in our study
as well as describes obtained fitting results which are then dis-
cussed in Section 4. Section 5 presents a summary of obtained
results.
2. Experimental details
The absorption spectrum of acetaldehyde at the low-frequency
range of current investigation (49–149.3 GHz) was recorded using
the automated spectrometer of Institute of Radio Astronomy of
NASU [16]. The synthesis of the frequencies in the millimeter wave
range is carried out by a two-step frequency multiplication of a
reference synthesizer in two phase-lock-loop (PLL) stages. The
reference synthesizer is a computer-controlled direct digital
synthesizer (DDS AD9851), the output is up-converted into the
frequency range from 385 to 430 MHz. At the first multiplication
stage a klystron operating in the 3400–5200 MHz frequency range
with a narrowband (!1 kHz) PLL system is used. At the second
multiplication stage, an Istok backward wave oscillator (BWO) is
locked to a harmonic of the klystron. A set of BWOs gives an
opportunity to cover the frequency range from 49 to 149 GHz.
The uncertainty of the measurements was estimated to be
10 kHz for a relatively strong isolated line (S/N > 10), 30 kHz for
weak lines (2 < S/N ratio < 10) and 100 kHz for very weak lines
(S/N < 2).
The measurements in the medium part of the range under
investigation (150–950 GHz) were performed using the Lille
spectrometer [16]. The frequency ranges: 150–322, 400–533 and
760–950 GHz were covered with solid state multiplied sources.
The frequency of the Agilent synthesizer (12.5–17.5 GHz) was first
multiplied by six and amplified by a VDI AMC-10 active sextupler,
providing the output power of +14 dBm in the W-band range (75–
110 GHz). This power is high enough to use passive Schottky mul-
tipliers (X2, X3, X5, X6, X9) from Virginia Diodes Inc. in the next
stage of the frequency multiplication chain. In the frequency range
from 580 to 660 GHz a fast scan spectrometer was applied. As a
radiation source an Istok BWO is used. The BWO was phase-locked
to a harmonic of Agilent E8257D synthesizer which provided large-
step (!100 MHz) frequency sweep. A high-resolution fast fre-
quency scan is provided by a direct digital synthesizer, which is
used as a source of intermediate frequency (IF) for the BWO’s
PLL. Estimated uncertainties for measured line frequencies are
30 kHz, 50 kHz, and 100 kHz depending on the observed S/N ratio
and the frequency range.
Measurements from Jet Propulsion Laboratory (JPL) were done
with a spectrometer utilizing a microwave synthesizer and ampli-
fier–multiplier chains [17]. The measurements were done in a sur-
vey mode at room temperature in the following frequency
windows: 950–1059.9 GHz, 1.060–1.205 THz and 1.576–
1.626 THz. Estimated uncertainties are 100 kHz and 200 kHz
depending on the S/N ratio observed.
3. Spectral analysis and fit
We started our analysis from the results of Refs. [6,13] where
the dataset consisting of 3108 transitions with J 6 26 and Ka 6 14
was fitted using 48 parameters of the RAM Hamiltonian and
weighted standard deviation of 1.06 was achieved. As the first step
we have refitted this dataset with the RAM36 program [18] (in the
previous study [6,13] BELGI code [19] was used), which imple-
ments a general expression for the RAM Hamiltonian in the follow-
ing form:
H ¼ 1
2
X
pqnkstl
Bpqnkstl½J2pJqz Jnx Jkypsa cosð3taÞ sinð3laÞ þ sinð3laÞ
' cosð3taÞpsaJkyJnx Jqz J2p( ð1Þ
where the Bknpqrst are fitting parameters; pa is the angular momen-
tum conjugate to the internal rotation angle a; Jx, Jy, Jz are projec-
tions on the x,y,z axes of the total angular momentum J. In the
case of C3v top and Cs frame (as it is appropriate for acetaldehyde)
allowed terms in the torsion–rotation Hamiltonian must be totally
symmetric in the group G6 (and also they must be Hermitian and
invariant to the time reversal operation). Whereas more detailed
description of the RAM36 code can be found in [15,18] here we
would like to mention the main arguments in favor of moving to
the RAM36 code platform in the current study of the acetaldehyde
spectrum: (i) the opportunity to choose almost any symmetry al-
lowed term in the Hamiltonian (by choosing appropriate set of k,
n, p, q, l, s, t integer indices in Eq. (1)), and (ii) enhanced calculation
performance in comparison with BELGI code [19]. The latter was
achieved due to special optimization of the RAM36 code [15].
One of the consequences of moving to the RAM36 code platform
was a change in the quantum labeling scheme. The labeling
scheme after the second diagonalization step is somewhat differ-
ent from the labeling used in the previous RAM studies of acetalde-
hyde spectrum [6,13]. The readers are referred to Ref. [15] where
the analogous change in labeling scheme is discussed in more de-
tail for the case of the acetic acid spectrum study. In brief, our
scheme begins by using eigenfunction composition to determine
the torsional state to which a particular level belongs, and then
uses the usual asymmetric-rotor energy ordering scheme to assign
rotational Ka, Kc labels within a given torsional state. Thus we do
not use a signed value of Ka for the E type levels and do not use
‘‘parity’’ labels for the A type levels but we do determine A1/A2
symmetry species in G6 of A type levels by calculating the (23)*
expectation value. Like in the case of acetic acid [15] some labeling
problems were encountered due to a high level of inter-torsional
interactions when even small changes in the parameter values
necessitate the reassignment of several high-J transitions. The
source of this problem is nearly equal mixing of different torsional
basis functions in the eigenvector composition of multiple eigen-
states. Almost equal mixing means that even small change in the
parameter set may shift the relative maximum in eigenvector com-
position from one torsional state to another. Since vt number is
determined from the relative maximum in eigenvector composi-
I.A. Smirnov et al. / Journal of Molecular Spectroscopy 295 (2014) 44–50 45
Solid state sources spectrometer:  
150 – 990 GHz 
• Very compact 
•  power : 50 mw – 5mW) 
•  Broad band : Assigment easier with series, 
  like in I. R.  
•  Full coverage with high resolution in 5 days 
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Experimental details 
  The synthesis is well known: Acetyl isocyanate was 
prepared by the reaction of acetyl chloride with silver 
cyanate (Rodd's Chemistry of Carbon Compounds (Elsevier, Amsterdam, 
2nd edn, 1965), vol. I, part C, p. 360)  
  The compound is relatively stable, could be stored in 
the fridge (-20°C) for months, but the spectra obtained 
have poor signal to noise ratio. We thought it was 
reactive with metal, it was recorded 3 times 
  Mai 2013: static mode in the inox cell 
  December 2013: flow mode in the inox cell 
  Mars 2014: flow mode with the pyrex cell 
175-180 GHz spectra 
Mai 2013: static mode in the inox cell December 2013: flow mode in the inox cell 
Mars 2014: flow mode with the pyrex cell 
140 MHz 
Not noise but huge number of lines!  
Vibrational energy levels up to 250 cm-1 
(from B3LYP/6-311G++(3df,2pd) anharm force field) 
0 
50 
100 
150 
200 
250 
•  In particular 3 levels at 83, 102 and 117 cm-1, spectra difficult to assign: 
Levels are interacting together and certianly  with g.s. 
•  In fact: not so big surprise considering the « extremely floppy » HNCO  
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fundamental overtone combination 
CNC Bend 
CCN Bend 
torsion •  9 energy levels below 
250 cm-1: floppy!  
 
Spectra 
  Spectra wil be very dense, considering Boltzman distribution: 
at 300 K the relative intensity of the 3 excited states (83, 102 
and 117 cm-1) are respectively: 67%, 61% and 59%. At 234cm-1 
(2vCNCbend), still 32% 
  The vibrational contribution to the partition function will be 
relatively important: spectra of the ground state will not be 
very intense 
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•  The most intense 
lines don’t have 
great signal to noise 
ratio 
•  Intensity decrease 
fastly with Ka, close 
to prolate limit 
case 
Assignment 
228 GHz 235 GHz 
610,61-601,60 620,62-611,61 
Qbranch Ka=14-13  ? 
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E A 
602,58-593,57 
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Prediction of g.s. at 300 K 
Qbranch Ka=24-25  
420 GHz 430 GHz 
•  Even if the molecule is heavy 
(85g.mol-1), spectra is intense in 
the submillimeterwave region 
•  Intensity of µB lines increase with 
Freq. 
•  Spectra measured up to 480 Ghz, if 
assignment is positive, we will 
increase the range 
 
Results 
This work Landsberg et al. 
A (GHz) 10.62204(27) 10.6234(13) 
B (GHz) 2.37146(29) 2.3690(13) 
C (GHz) 1.863406(26) 1.8628616(37) 
F (GHz) 168.783 (fixed) 168.783 (fixed) 
ρ	
 0.05880(13) 0.05871(17) 
V3 (cm-1) 356.48(26) 356.26(42) 
2Dab -2231.5(21) -2217.3(96) 
DJ (kHz) 0.32552(32) 0.380(32) 
DJK (kHz) 8.803(18) 9.270(68) 
DK (kHz) 6.40(21) 
dj (kHz) 0.01035(16) 0.0106(19) 
dk (kHz) 2.825(6) 2.89(7) 
Number of parameters 13 
Nlines; Jmax; Ka,max 203 – 70 - 6 106 – 23 - 3 
Wrms/rms 
rms (Landsberg et al.) 
rms (Lille) 
0.71/73kHz 
116 kHz  
34 kHz 
0.71/107 kHz 
•  Rotational dependance of V3 and one sextic cent. dist also fitted:15 lines/param  
•  1st torsionnal state analysis is necessary to fit F  
Conclusion - Perpectives 
  Assignment is still in progress for higher Ka values and up to 
480 GHz 
  Treatment of the bending and torsional modes could be 
possible in the near future: V.V. Illyushin, I. Kleiner and J. 
Hougen are coding the interactions…   
Conclusion- Perspectives 
•  The prediction for the 
l ines which could 
p e r m i t  i t s I S M 
detection is accurate 
anough: its search in 
in progress in ORION 
with J. cernicharo 
survey or later with 
ALMA… 
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